A hexapole collision cell was investigated for significant reductions of interferences by molecular ions in inductively coupled plasma mass spectrometry (ICPMS) using a direct injection high efficiency nebulizer (DIHEN). Collision induced reactions with hydrogen reduced isobaric interferences while the addition of helium as a collision gas enhanced analyte ion transmission through collisional focusing. Improved figures of merit were obtained for elements (Ca, Fe, Cr, As, Se) that are typically difficult to analyze with conventional quadrupole instruments. Sensitivities achieved with the DIHEN were higher (by factors ranging from 2 to 9) than those observed with a micronebulizer-spray chamber arrangement. Precision and detection limits were similar to or slightly improved over values obtained using the micronebulizer-spray chamber arrangement. The technique was successfully applied to the determination of Fe, Cr, Co, Cu, Pb, Al, Mn, Zn, Ag, and Sr on silicon wafer surfaces at a concentration range of (0.49-6.5) 6 10 9 atoms cm 22 , sampled by a 100 mL drop of H 2 O-H 2 O 2 -HF, as well as for the determination of Cr in DNA.
Introduction
Argon inductively coupled plasma mass spectrometry (Ar ICPMS) offers low detection limits (ng L 21 range and lower), a wide linear dynamic range (6-8 orders of magnitude), and good precision (v5%) for over 70 elements. 1, 2 One of the main drawbacks of Ar ICPMS in practical applications is the presence of isobaric mass interferences between atomic ions. 3, 4 Such interferences can be corrected in some cases, but with a sacrifice of both accuracy and precision. Alternatively, less abundant interference-free isotopes of the elements can be used for measurements, but sensitivity and detection limits will suffer. For determinations at trace levels, polyatomic interferences from plasma species (argides) and solvent species (oxides) are exceptionally problematic. For instance, the three isotopes of iron, 54 Fe, 56 Fe, and 57 Fe, as well as the 75 As monoisotope, suffer from interferences from argon species ( 40 Se 1 , respectively, thereby making trace element determination of these isotopes in complex matrices extremely difficult.
Several approaches have been explored to reduce, eliminate, or resolve isobaric interferences including sector field ICPMS, [5] [6] [7] applications of cold plasma [8] [9] [10] and a graphite injector tip, 11 solvent and matrix removal, 12, 13 alternative plasma sources, [14] [15] [16] [17] [18] changes in interface design 19 and ion optics, 20, 21 and collision and reaction cells. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] These approaches have their own benefits and limitations. For example, sector field ICPMS offers resolving power (m/Dm) up to 12,000 to separate most interferences of molecular ions from analyte ions, but at the expense of reduced sensitivity and greater complexity of operation and maintenance. The main drawbacks of the cold plasma approach include reduced plasma robustness, increased matrix effects and poor figures of merit for most elements, especially those possessing high ionization potential (w8 eV). [6] [7] [8] [9] [10] Sample preparation techniques are very effective in some cases for solvent or matrix removal, but they are usually time consuming and increase the risk of analyte loss and contamination. Alternative plasma sources such as helium plasmas provide enhanced levels of aerosol desolvation-vaporization, improved degrees of ionization for hard-to-ionize elements, and reduced mass spectral interferences. However, helium plasmas currently exhibit relatively low electron number density and low gas temperature compared to ICP discharges in Ar. 15, 16 The principles behind the collision cell concept and their applications were outlined for high-energy, multiply charged beams 36 before ICPMS became a widely used analytical technique. Initial experiments to attenuate interferences of molecular and analyte ions in Ar ICPMS were achieved by using a triple quadrupole MS, 22 and an rf-only quadrupole as the first stage of a double quadrupole arrangement. 23 In general, collisional focusing would be realized if the neutral gas introduced to the rf-multipole collision cell possesses a lower molecular weight than the analyte ions. 37 Ion focusing, due to the kinetic energy distribution relaxation of the ions, results in enhanced ion transmission. [25] [26] [27] Alternatively, inducing specific reactions between the interfering ion and the collision cell gas can simply remove the interfering ion to a different m/z. [29] [30] [31] [32] [33] [34] [35] In general, collision or reaction cell-based ICPMS instruments create cell conditions, under normal plasma conditions, for measuring the most abundant isotopes of the elements, including difficult elements [K (m/z~39), Ca (m/z~40), and Fe (m/z~56)] that are typically measured in cool plasmas. 35, 38 An excellent review examines the recent literature relating to the history, design, operation and application of {On leave from The Radiation Physics and Chemistry Problems Institute, 220109, Sosny, Minsk, Belarus. multipole collision cells and reaction cells in combination with ICPMS along with the fundamentals of ion collision and reaction, including thermochemistry, energy transfer and reaction kinetics. 39 The objective of this study was to explore the capability of ICPMS with collision cell for the direct injection of a microliter volume of test sample to the plasma, with and without the shielded torch, and to find conditions for the simultaneous detection of a wide range of elements that are traditionally measured under hot and cool plasma conditions. A direct injection high efficiency nebulizer (DIHEN) was used as the sample introduction device, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] rather than the conventional nebulizer-spray chamber arrangement. The study with the DIHEN is important because the collision cell technology has the potential to provide sufficiently low detection limits for certain key applications, where the sample is often expensive (e.g., semiconductor chemicals), highly hazardous (e.g., radioactive materials), or limited in volume (e.g., biological samples, chromatographic applications). The DIHEN offers several advantages over conventional solution introduction devices, including low sample consumption (1-100 mL min 21 ) and nebulizer gas flow (0.2 L min 21 ), 100% analyte transport efficiency, reduced memory effects, and no loss of volatile analytes. 40 The aim of this work was to explore the effects of hydrogen (as the reactant gas) and helium (as the buffer gas) for reducing major mass interferences by molecular ions. The influence of the negative dc bias potential applied to the hexapole was also examined for reducing interferences produced within the collision cell. Finally, the applicability of the DIHEN with collision cell ICPMS was tested by measuring metal surface contamination (Fe, Cr, Co, Cu, Pb, Al, Mn, Zn, Ag, and Sr) on silicon wafer samples and Cr bound to DNA. As far as we know, this report constitutes the first account of characterizing a collision cell ICPMS for direct injection solution introduction.
Experimental Instrumentation
A Platform ICPMS instrument, with a hexapole collision cell, was used (Micromass Ltd., Manchester, UK). The collision cell was operated with helium as the buffer gas and hydrogen as the reactant gas. A schematic diagram of the instrument is given in Fig. 1 , along with operating conditions in Table 1 . A shielded torch was coupled to the instrument between the load coil and the torch to reduce rf coupling to the plasma and improve sensitivity ( Table 2 ). The instrument is also equipped with a Daly-type photomultiplier detector, operating in the analogue mode. To express sensitivity (MHz per ppm), the analog output is converted to counts by the instrument using an algorithm. Nickel (0.9) Helium collision cell gas flow/mL min 21 
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Nebulization systems
Two nebulizers are used, a DIHEN 51 (Model 170-AA, J E Meinhard 1 Associates Inc., Santa Ana, CA) and a Micromist nebulizer equipped with a 20-mL minicyclonic cinnabar spray chamber (Model MicroMist AR40-1-FM01, Glass Expansion Ltd., Hawthorn, Victoria, Australia). Sample delivery is achieved via a four-channel peristaltic pump (Minipuls 3, Gilson, Villiers le Bel, France). The instrument controlled the nebulizer gas flow internally.
The DIHEN replaces the injector tube of a demountable ICP torch. A PEEK adapter was constructed to hold the DIHEN in the center of the demountable ICP torch 2 mm below the intermediate torch tube. The dead volume of the nebulizer was reduced to v10 mL by inserting 0.008@-id tubing (SB Fittings Assembly Kit #1-Micro, J E Meinhard Associates, Inc.) into the nebulizer to the point where the solution capillary tapers. Because the torch is isolated within a relatively large instrument cabinet, about 2 feet of tubing is necessary to deliver the solution to the nebulizer. This arrangement results in increased solution waste.
Reagents and sample preparation
Standard solutions were prepared from 1000 mg mL 21 stock solutions of the element (Merck, Darmstadt, Germany) and 18 MV cm deionized water. Silicon wafer samples were obtained from the Research Centre Juelich and analyzed for metal surface contamination. The vapor phase decomposition (VPD) technique was used to etch the silicon oxide layer by exposure to HF vapor. 52 A 100-mL drop of H 2 O-H 2 O 2 -HF was then used to scan the surface and dissolve surface contaminants.
This drop was then diluted to 2 mL and analyzed using the standard addition technique. It is important to note that the DIHEN should not be operated with high HF concentrations. In this case, the solution contained 0.05% HF, resulting in no damage to the nebulizer. The Cr bound to DNA samples were prepared as described elsewhere 40, 42 and analyzed using a 3-point standard addition technique. These samples were obtained from Professor Steven R. Patierno (Department of Pharmacology, The George Washington University).
DIHEN operating conditions with collision cell hexapole ICPMS instrument
Optimum solution uptake rate, RF power, and nebulizer gas flow rate were determined based on the maximum ion intensity of the analytes for nebulization of 10 ng mL 21 multi-element solution with the DIHEN. The optimum operating conditions generally show a mass dependence. The following conditions were used to measure figures of merit and for the analysis of silicon wafers and Cr-bound DNA with the DIHEN: a nebulizer gas flow rate of 0.18 L min 21 , an RF power of 1350 W and a solution uptake rate of 60 mL min 21 .
Results and discussion
Influence of collision cell gases on analyte ion signal Fig. 2 shows the effects of the collision cell gases on analyte signal intensities. The maximum ion intensity of analytes was achieved at a helium flow of 5 mL min 21 (no hydrogen was introduced into the cell, Fig. 2(A) ). Under this condition, the hydrogen gas flow was varied to achieve best analyte ion intensity ( Fig. 2(B) ). The analyte ion intensities are enhanced by a factor of 3-4 with the addition of helium to the cell. The increase in intensity is attributed to collision of the ions with the neutral molecules of the collision cell gas causing the ions to lose kinetic energy, change their trajectory, and be focused to the central axis of the rf hexapole. The optimum collision cell gas flow rate depends not only on the mass of the analyte ion but also on the nature of the gases present in the collision cell. The relative mass of the ion and neutral buffer species plays a crucial role in achieving efficient ion thermalization, 26 as is illustrated by the mass dependence observed with respect to optimum collision cell gas flow rate (Fig. 2) . Collisions would lead to negligible loss of analyte ions for a collision cell gas having low molecular weight while ion scattering would result if the molecular weight of the collision cell gas is too high, i.e., comparable with the mass of the analyte ion. The optimum flow rates for Mg, Rh, and U were 3, 4, and 6 mL min 21 , respectively. At higher pressures (higher collision cell gas flow rates), lower mass ions were more susceptible to ion scattering, and thus reduced ion transmission and intensities. For hydrogen, the optimum gas flow rates are 1, 3, and 4, respectively, for Mg, Rh, and U, corresponding to lower intensity enhancement due to a higher total gas flow rate of 6, 8, and 9 in the collision cell. Similar trends and enhancement factors (up to a factor of 4) are observed for this instrument using a Micromist nebulizer with minicyclonic spray chamber. These results are also in agreement with published work involving a Meinhard nebulizer cooled spray chamber arrangement, 53 except that analyte ion intensities were improved by a factor of 10.
Influence of collision cell gases on argon molecular ion intensity Fig. 3 ) on the collision cell gas flow rates for the introduction of deionized water. These six ionic species caused by the plasma gas typically hinder the determination of 39 K, 40 Ca, 52 Cr, 56 Fe, 75 As, and 80 Se, respectively. The addition of helium or hydrogen to the collision cell generally results in a reduction of the argon molecular ion intensity by 1-4 orders of magnitude due to the loss of energy in the cell such that transport into the mass analyzer is discriminated. In other words, argon molecular ions exit the collision cell, but do not enter the mass analyzer because of energy discrimination. In general, a decrease in ion intensity is observed with the addition of helium to the cell for the following reasons. First, the energy of the ions derived from the argon ICP is decreased to a value below 1 eV by collision with helium atoms. 54 Molecular ions are moderated even more efficiently than single-atom ions due to slightly higher scattering cross sections. Second, even if no reactive gas (e.g., hydrogen) is introduced into the collision cell, the hydrogen originating from the water dissociated in the ICP is entrained into the collision cell, 55 an entrainment that increases for direct injection solution introduction. Third, at lower kinetic energies, the reaction rate of argon ions and argon molecular ions with hydrogen residues increases, leading to the reduction of their intensities. An additional reduction is caused by collisional fragmentation of molecular ions 56 and by greater energy discrimination at higher helium flow rate (see Fig. 2 ).
With the addition of hydrogen, the argon molecular ions react with hydrogen through charge transfer, proton transfer, Fig. 3 Influence of (A) helium and (B) hydrogen collision cell gas flow rates on argon molecular ion intensity for the introduction of deionized water with the DIHEN. Hexapole bias potential was set at -2 V (Fig. 2(A or hydrogen atom transfer, resulting in the production of new ions or neutral species at m/z other than the m/z of the analyte ion. [29] [30] [31] [32] Reduction in kinetic energy due to collision with gas atoms also serves to increase the cross section of the gas phase reactions, 56 and thus facilitates the use of thermal ion-molecule chemistry. 55 The argon molecular ion intensities were reduced by up to 4 orders of magnitude for the DIHEN (Fig. 3) , compared with 3 orders of magnitude for the Micromist nebulizer-cyclonic spray chamber and previous studies involving conventional sample introduction systems. 31, 32, 53 The effect of hexapole bias potential on the analyte and argon molecular ion intensities
In addition to collision cell gases, the application of a negative hexapole bias potential, relative to the quadrupole, also plays a significant role in reducing the intensities of the argon molecular ions (Fig. 4) . These measurements were conducted with 5 mL min 21 helium and 5 mL min 21 hydrogen present in the collision cell and with the introduction of deionized water with the DIHEN. For both the analyte ion and the argon molecular ion intensities, a sharp decrease is observed at negative dc hexapole bias potentials by 2-4 orders of magnitude, with the maximum intensities appearing at 0 V. At a dc bias potential of 0 to 22 V, the signal-tobackground and the signal-to-noise ratios of the analyte ions (data not shown) are improved, especially for difficult-toanalyze elements. The observed decrease of ion intensity (Fig. 4) was caused by the negative dc hexapole bias potential relative to the quadrupole, which creates an energy barrier for ions exiting the hexapole. Consequently, ions with reduced kinetic energy are suppressed due to collision with cell gases. A possible reason for the improvement of signal-to noise ratio might be the more efficient moderation of molecular ions in comparison with single-atom ions (analyte ions in this case). In addition, the intensity of molecular ionic species, mainly water, hydrocarbons 31 or complex cluster ions originating from matrix and water residues, formed by collision-induced reactions in the cell, are decreased by the application of a negative dc hexapole bias potential barrier, which reduces transmission into the mass filter. 31, 57, 58 These residual gas ions possess lower kinetic energies than the analyte ions since they are produced within the cell, as opposed to the analyte ions, which are formed in the ICP. Thus, analyte ions are transmitted much more effectively than the residual ions. Similar responses to the application of a negative dc hexapole bias potential have been previously reported for a conventional nebulization system. 53 A mass dependence of analyte ion intensity on hexapole bias potential has also been reported 53 due to the difference in kinetic energy of different mass ions; however, no significant mass dependence was observed here.
Influence of collision cell gases and hexapole bias potential on
The effects of the collision cell gases and hexapole bias potential on the MO 1 /M 1 ratio are presented in Fig. 5 for Ce. At 22 V, the CeO 1 /Ce 1 ratio decreases for the DIHEN with increasing helium flow in the collision cell, similar to conventional nebulization. 24, 53 This is due to a greater loss of kinetic energy by the CeO 1 oxide ion, leading to more effective energy discrimination at the mass filter, compared to the Ce 1 Fig. 4 Influence of hexapole bias potential on (A) analyte ion and (B) argon molecular ion intensities for introduction of a 10 ng mL 21 solution of Mg, Rh, U, and deionized water, respectively, using the DIHEN (helium~5 mL min 21 , hydrogen~5 mL min 21 ).
analyte ion. With the introduction of hydrogen to the collision cell, both the Ce 1 and CeO 1 intensities decrease sharply: however, the CeO
1

/Ce
1 ratio decreases only slightly initially and then increases significantly at 4 mL min 21 of hydrogen. This initial decrease in oxide ratio may also be attributed to enhanced kinetic energy loss (and energy discrimination at the quadrupole) of the CeO 1 ion, as well as its reaction with hydrogen. 24 Published work with conventional sample introduction systems reports a reduction in oxide ratios with the addition of hydrogen to the collision cell. 24, 53 The reason for this disparity requires further investigation. The application of a negative hexapole bias potential reduces CeO 1 /Ce 1 ratios, similar to that observed with conventional nebulizers. 24, 53 Thus, in order to minimize oxide ratios, the DIHEN should be operated with the collision cell having high helium gas flow rates (w5 mL min 21 ), low hydrogen gas flow rates (v5 mL min
21
) and a negative dc hexapole bias potential (0 to 22 V), conditions which also favor the determination of difficult-to-analyze elements, but with a substantial sacrifice of ion intensities.
With direct injection nebulization, high oxide ratios are typically observed, for instance 48% for CeO 1 /Ce 1 , 40 due to the increased solvent load in the ICP. However, under optimum collision cell conditions of 6 mL min 21 helium, 4 mL min 21 hydrogen, and 22 V hexapole bias potential, oxide ratios are reduced to 20%. Oxide ions of lower bond strength, 24 for instance 3.8 eV for YbO 1 (compared to 8.8 eV for CeO 1 ), show greater improvements in MO 1 /M 1 , from 3% to 0.4%.
Figures of merit
Sensitivity, detection limits, and precision are presented in Table 2 for 21 isotopes across the mass range, using the DIHEN and a Micromist nebulizer-minicyclonic cinnabar spray chamber arrangement. Considering that this instrument operates in the analogue mode, the signal output is converted to counts by the instrument to express sensitivity (MHz ppm 21 ). 50 Sensitivities obtained with the DIHEN are 2-9 times greater than those obtained with the Micromist nebulization system, both with and without the shielded torch. The use of the shielded torch improves sensitivity by up to an order of magnitude with the DIHEN, and up to a factor of 8 with the Micromist. With the DIHEN, the precision values obtained are generally better in the absence of the shielded torch, rather than with the shielded torch. Further, the DIHEN provides precision values that are similar to or better than (typically 2-3 times) those obtained with the Micromist nebulizer. Importantly, the precision data obtained for the DIHEN in this work using the shielded torch are not as favorable as our previous data obtained with an ICPMS instrument equipped with an electronically balanced RF generator circuit, 40, 44, 45 suggesting that the latter technology currently offers a more dynamic system for handling the generally large solvent load introduced through direct injection. If no shielded torch is utilized, the DIHEN provides precision values that are similar to those obtained with an ICPMS system having an electronically balanced rf generator circuit, 40, 44, 45 but the sensitivity is reduced by up to an order of magnitude in the absence of the shielded torch. Further work is essential on the reduction of the solvent load from the DIHEN or increasing the speed of the matching network involving the shielded torch to improve precision without sacrificing sensitivity improvement.
Despite the large increase in sensitivity achieved with the shielded torch, the detection limits obtained are similar to or only slightly better than those obtained when no shielded torch is utilized due to the lower precision obtained with the shielded torch. The detection limits measured using the DIHEN were generally similar to those obtained with the Micromist nebulizer. In both cases, detection limits for difficult to analyze elements were improved by as much as 3 orders of magnitude over those obtained with non-cell quadrupole ICPMS instruments. 53 In this work, the DIHEN-collision cell ICPMS was used for metal ion recovery studies using SRM 1643d (Trace elements in water). The results of this, given in Table 3 , indicate good agreement between the certified and recovered values, with the largest deviation showing 3% error.
Determination of metal impurities on silicon wafer surfaces
Contamination is a major problem in the semiconductor industry during integrated circuit (IC) production. In particular, Operating conditions are given in Table 1 . metal contamination at even ultra-trace levels can alter the electric properties of the ICs. The maximum level of contamination must be reduced to produce smaller ICs, thus analytical techniques with very low detection capabilities (sub pg L
21
) are required. Silicon wafer samples, obtained from the Research Center Juelich, were also analyzed for metal ion surface contamination. Since metal concentrations are already quite low, it is necessary to avoid large sample dilutions. Thus, such applications require the analysis of very small sample volumes, preferably with direct injection micronebulizers such as the DIHEN. In this work, the total volume of sample available for analysis, before dilution, was 100 mL. The sample was then diluted to 2 mL with deionized water and analyzed using a 3-point standard addition technique. Results of these studies (Table 3) show concentrations of the order of 0.5-6.5 6 10 9 atoms cm 22 for two samples taken from the same wafer. Variations are possibly due to spatial disparity in the surface contamination.
Determination of Cr in DNA
Another application well suited for the DIHEN-collision cell-ICP-MS technique is the analysis of expensive small volume biological samples, namely Cr bound to human DNA. Chromium(VI) from industrial effluents, like those from the electroplating, steel, and textile industries, is regulated by the US EPA as a known carcinogen, causing both lung and kidney cancer. Traditionally, DNA bound Cr is determined using radioactive 51 Cr bound with DNA and using a scintillation detector. 59 However, the Cr adduct levels are of the order of only several Cr atoms per 10,000 base pairs of DNA, 60 thus a very sensitive technique, like ICP-MS, 42, 43, 46 is required for biologically salient routine Cr-DNA assays. The analysis was conducted using a 3-point standard addition technique from a total volume of 2 mL of sample, prepared using a procedure similar to that described previously. 40, 42 A concentration of 0.74 ¡ 0.1 ng mL 21 Cr in DNA sample was obtained for 6 mL min 21 helium, 4 ml min 21 hydrogen and 22 V hexapole bias potential. A concentration of 0.75 ¡ 0.01 ng mL 21 was obtained for the same sample using a double focusing sector field ICPMS operated at medium resolution (m/Dm of 3000). 61 
Conclusions
A direct injection high efficiency nebulizer was coupled with a quadrupole ICPMS equipped with a hexapole collision cell to reduce or eliminate molecular ion interferences generally observed with argon plasmas, thus improving the figures of merit. This was achieved by the addition of hydrogen to the collision cell as a reactant gas, and helium as a buffer gas. As a result, signal to background ratios for several typically difficult-to-analyze elements were improved and MO 1 /M 1 ratios were significantly reduced. The use of the DIHENcollision cell-ICPMS technique further improved the figures of merit for a number of analytes and allowed the successful analysis of silicon wafers for metal surface contamination in 100 mL of sample as well as chromium determination in DNA.
